A metastable phase α-FeSi 2 was epitaxially stabilized on silicon substrate using pulsed laser deposition. Nonmetallic and ferromagnetic behaviors were tailored on α-FeSi 2 (111) thin films, while the bulk material of α-FeSi 2 is metallic and nonmagnetic. The transport property of the films renders two different conducting states with a strong crossover at 50 K which is accompanied by an onset of ferromagnetic transition as well as a substantial magnetoresistance. These experimental results are discussed in terms of the unusual electronic structure of α-FeSi 2 obtained within density functional calculations and Boltzmann transport calculations with and without strain. Our finding sheds light on achieving ferromagnetic semiconductors through both the structure and doping tailoring, and provides an example of a tailored material with rich functionalities for both basic research and practical applications.
parameter choice using the standard LAPW+lo basis for all momentum channels is more efficient than a mixture. Local orbitals were used both to include the 3p semicore state of Fe with the valence states and to relax any linearization errors in the Fe 3d states. The spin-orbital coupling of Fe and Si is included in the calculation. The P4/mmm unit cell contains Fe at (0,0,0) and Si at (1/2,1/2,±z), the value of z (0.2731) are determined by total energy minimization. With this structure, each Fe is coordinated by eight Si atoms at a distance of 2.364 Å, while each Si has a short bond to a neighboring Si at 2.333 Å, four Fe neighbors at 2.364 Å, four Si neighbors at 2.690 Å, and one elongated bond Si neighbor at 2.807 Å. The electronic potential is approximated by a hybrid atomic-sphere-approximation muffin-tin with cell shape corrections. [28] (111) orientation. To confirm the preferred orientation of (111), and to determine the epitaxial relationship between the film and substrate, an in-plane pole figure scan was conducted across the (202) Bragg peak of Si (001). Fig.1 (c) shows the (102) Bragg peak of the (111)-type domain of the α-FeSi 2 film, which indicates that the α-FeSi 2 (102) plane is parallel to Si (202) plane. Moreover, the (102) peak was shown in a fourfold symmetry. EBSD investigation reveals a tetragonal structure with two main FeSi 2 domains of the film, confirms the high quality epitaxial nature of the films. Side view and top view of the α-FeSi 2 with truncated (111) plane are shown in Fig. 1 (d) .
Each bulk α-FeSi 2 unit cell is formed by two Si atoms (grey or red) and one Fe atom (orange), outlined in blue in the side view figure. As the (111) plane is very complicated, for better viewing the (111) unit cell, red balls are used to mark the topmost layer of the (111) surface. The (111) unit cell is outlined with a black rectangle (10.95 Å × 3.8 Å), very close to the Si (001) (3×1) (11.5 Å × 3.84 Å). Based on above results, we proposed a possible epitaxial model in Fig. 1 (e) which satisfies the registration of the α-FeSi 2 (111) rectangular unit cell to Si (001) (3×1), and the parallel relation between α-FeSi 2 (102) and Si (202) planes (marked with the dotted blue line in Fig. 1 (e) ).
The structure of the α-FeSi 2 (111) Si(001) film was further studied as a function of temperature (T) using XRD (20 K to 300 K). The T dependent d spacing was obtained from the shift of the FeSi 2 (111) peak during cooling ( Fig.2 (a) ). The continuous evolution of the d spacing suggests the absence of structural phase transitions vs T. The linear thermal expansion coefficient α, defined as ∆ ∆ , is shown in Fig.2 (a) . α is almost a constant at high temperature, and then decreases exponentially in a low temperature region, associated with a sign change around 50 K. curves show an obvious slope change around 50 K. This differs drastically from the bulk phase of the material in which conductivity shows no temperature dependence. [9] Furthermore, the conductance of thin film shows magnetic field dependence. The magnetoresistance MR= (R(0)-R(H))/R(H) reaches 15% at 7 T at low temperature as shown in the inset of Fig. 2 (b) , the value is well beyond typical anisotropy induced magnetoresistance. The MR and the coincidence that the sign change of α, crossover of the electronic transport, and magnetic transition at the same temperature of 50 K, are worth further discussing. For the MR behavior, one possible explanation is the coexistence of ferromagnetic and nonmagnetic phases. If the ferromagnetic phase has highly spin polarized transport, similar to manganites or half-metals, a strong MR can be expected. This can be understood based on the calculated band structure. As discussed below in detail, there shows a strong energy dependence of the electronic structure near the Fermi energy, E F , and in particular an onset of high density of states (DOS) just above E F . An exchange splitting of this density of states would lead to majority spin transport, reflecting the high density of states electronic structure above the paramagnetic E F , and the minority spin transport based on the electronic states that occur below E F in the paramagnetic case. To understand the abnormal transport and ferromagnetism tailored in our strain stabilized α-FeSi 2 (111) Si(001) films, the calculated band structure and DOS for both the paramagnetic and ferromagnetic phase as well as the majority and minority spin states of Fe and substitutional Fe in strained structures for α-FeSi 2 using DFT are shown in Fig. 3 (a) and Fig. 3(b) . The distinct dip in the DOS consists with a recent work [32] . Importantly, in our calculation the onset of the DOS peak is almost exactly at the Fermi energy, yielding a highly asymmetric DOS around E F . This peak comes from the flat band around the zone boundary at k z = 0, i.e. the band seen just at E F along X-M in Fig. 3 (a) . This band has antibonding Fe d -Si sp character. The other band that crosses E F has d character. The strongest predicted signature of this strong energy dependence is a large negative thermopower, unusual for a metal.
This prediction provides a test of the electronic structure. One may expect two effects from this electronic structure. The first is that if it becomes ferromagnetic, the transport will be substantially spin polarized, which would be reflected in a negative magnetoresistance, as seen in the inset of Fig. 2(b) . Secondly, in non-magnetic samples, which have been reported to grow under other conditions, a temperature dependent cross-over in transport may be expected, specifically from a low density of states metal to an effectively higher density of states metal with increasing T.
The origin of ferromagnetism of the α-FeSi 2 thin films was investigated using the local density approximation of the DFT implemented within the layer-KKR code [33] and CPA [34] to treat substitutional disorder as shown in Fig. 3 (b) . The calculations were done using both the experimentally measured strained (a=2.69 Å, The resulting pipes are a quasi-two-dimensional structure and are the origin of the sharp rise in the DOS. This is reminiscent of the structure seen in p-type PbTe [35] and, as in that case, it is expected to affect transport properties. Qualitatively, what may be expected is that the effective DOS will increase with T, while the Fermi energy will be pushed down. The conductivity at low T can be written as σ N E F F , for finite T, see Ref. [36] . Here τ is an inverse scattering rate, and In order to examine this further, we performed calculations of transport functions σ/τ (Fig. 4(a) ) within Boltzmann transport theory. [36] , [37] In a metal, σ/τ has negligible T dependence. Here, however, we find a substantial T dependence for c-axis transport because of the structure in the DOS near E F . At low T, the scattering (τ) will be governed by point defects and is expected to reflect the behavior of a moderate N(E F ), three dimensional metal with disorder. However, as T increases, the effective N(E F ) increases as discussed above. Qualitatively this should both open additional scattering channels for phase space reasons and also may lead to additional scattering if the increased N(E F ) brings the system closer to lattice instabilities or magnetism. Although our calculation does not quantify the transport, the nonmetallic and complicated transport behaviors of the thin films are qualitatively understood. It is noted that the resistance decreases with temperature, but in a non-activated manner, as shown in Fig.2(b) . We attribute the resistance to extrinsic grain and domain boundary resistance in the film, consistent with the magnetoresistance.
Interestingly, we also find an anisotropic Seebeck coefficient, S(T), that is
anomalously large for a metal especially in the c-axis direction, as displayed in Fig. 
4(b). S(T)
is negative (n type) for both in-plane and c-axis transport, but is much larger in magnitude for the c-axis direction. This reflects the d character of the flat band, which leads to a faster relative increase of the conductivity with energy for the c-axis direction (note that at low T according to the Mott formula S(T)/T (dσ/dE)/σ)). Overall, S(T) is more anisotropic than σ/τ, which is also unusual [38] and will be confirmed by further experiments.
In summary, the unusual transport behavior and a temperature dependent cross-over in transport and magnetic properties of α-FeSi 2 (111) thin films were tailored by both strain stabilization and substitutional Fe atoms on the Si sublattice.
The results were explained based on the fine details of the electronic structure, the stoichiometry, and the strained structure of the film. The material provides an example of a stabilized pure phase with rather interesting physical properties for both basic scientific research and practical applications in for example achieving ferromagnetic semiconductors. 
